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Cells are frequently exposed to hypoxia in physiological and pathophysiological conditions in organisms.
Control of energy metabolism is one of the critical functions of the hypoxic response. Hypoxia-Inducible
Factor (HIF) is a central transcription factor that regulates the hypoxic response. HIF prolyl-hydroxylase
PHDs are the enzymes that hydroxylate the o subunit of HIF and negatively regulate its expression. To

Keywords: further understand the physiological role of PHD3, proteomics were used to identify PHD3-interacting
ll;:'_;)]l)}gl-hydroxylase proteins, and pyruvate dehydrogenase (PDH)-E1p was identified as such a protein. PDH catalyzes the
Pyruvate dehydrogenase complex conversion. o_f pyruvat_e tq acetyl-coA, thus pl_aying a key role in cellular energy metabolism.

PDH-E1p PDH activity was significantly decreased in PHD3-depleted MCF7 breast cancer cells and PHD3~/~
Hypoxia MEFs. PHD3 depletion did not affect the expression of the PDH-E1a, E1B, and E2 subunits, or the phos-

phorylation status of Ela, but destabilized the PDH complex (PDC), resulting in less functional PDC.
Finally, PHD3~/~ cells were resistant to cell death in prolonged hypoxia with decreased production of ROS.

Taken together, the study reveals that PHD3 regulates PDH activity in cells by physically interacting

with PDC.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Cells constantly consume oxygen and utilize it for efficient
energy production. When there is an imbalance between the oxy-
gen demand and supply, which is caused by inappropriate cell
growth, defective blood flow, or decreased oxygen in the surround-
ing environment, cells promptly adapt to such condition by hyp-
oxic responses. Hypoxia-Inducible Factor (HIF) is a transcription
factor that plays a central role in the hypoxic response [1]. HIF
induces a number of its target genes to regulate the physiological
response to hypoxia.

The o subunit of HIF (HIF-a) is down-regulated in normoxia and
stabilized in hypoxia [1]. The HIF prolyl-hydroxylase PHDs are key
molecules that regulate the oxygen-dependent expression of
HIF-o.. PHDs hydroxylate prolyl residues in HIF-a., thereby inducing

Abbreviations: PDH, pyruvate dehydrogenase; PDC, pyruvate dehydrogenase
complex; HIF, Hypoxia-Inducible Factor; PHD, prolyl-hydroxylase domain contain-
ing protein; MEF, mouse embryonic fibroblast; ROS, reactive oxygen species; GST,
glutathione S-transferase; DFO, deferoxamine.

* Corresponding author. Address: Oxygen Biology Laboratory, Medical Research
Institute, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo
113-8510, Japan. Fax: +81 3 5803 4815.

E-mail address: nakayama.mtt@mri.tmd.ac.jp (K. Nakayama).

http://dx.doi.org/10.1016/j.bbrc.2014.07.114
0006-291X/© 2014 Elsevier Inc. All rights reserved.

the interaction between HIF-a and the ubiquitin ligase pVHL and
leading HIF-o to degradation [2]. There are three major PHDs in
mammals, PHD1, PHD2 and PHD3, and a recently characterized
PHD4 [3,4]. PHD2 is the main enzyme that hydroxylates HIF-o in
normoxia [5]. PHD3 also functions during chronic hypoxia or upon
reoxygenation [6]. There are reports showing that PHDs have sub-
strates other than HIF-a, such as Rpb1, IKK-B, or PKM2, indicating
that PHDs are also involved in other cellular signaling pathways
[7-9].

Previously, we reported that PHD3 forms a large complex dur-
ing hypoxia to inhibit its ability to hydroxylate HIF-o [10]. To fur-
ther characterize the complex, we performed a proteomic analysis
to search for PHD3-interacting proteins and identified several can-
didates. PRP19 was one of such proteins which interacts with
PHD3 and regulates cell death in hypoxia [11]. PDH-E1B was
another candidate protein identified in the same proteomic analy-
sis. To further understand the role of the PHD3 complex in cells, we
characterized PDH-E1B in the present study.

PDH is the mitochondrial enzyme that catalyzes the conversion
of pyruvate into acetyl co-A, thus connecting glycolysis and the tri-
carboxylic acid cycle. PDH functions as a large complex consisting
of four main subunits: E1a, E1B, E2, and E3. Its activity is primarily
regulated by the phosphorylation/dephosphorylation of E1at [12].
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Pyruvate dehydrogenase kinase, which is up-regulated by HIF-1,
phosphorylates E1a to inhibit PDH activity and causes a metabolic
shift from mitochondrial respiration to glycolysis [13,14].

2. Materials and methods
2.1. Cell culture

HeLa cells and the breast tumor MCF7 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, high glucose) (Wako,
Japan) containing 10% fetal bovine serum (FBS) and antibiotics.
Immortalized mouse embryonic fibroblasts (MEFs) established
from PHD3** and PHD3~/~ mouse embryos were maintained in
10% FBS with 0.1 mM nonessential amino acids (Invitrogen, USA),
0.2 mM 2-mercaptoethanol (Sigma, USA) and antibiotics [15].

2.2. Hypoxic treatment

Cells were exposed to hypoxia (1% O,, 5% CO,, and the rest bal-
anced with N,) in a hypoxia workstation (Hirasawa works, Japan).
An oxygen sensor was used to ensure that the oxygen concentra-
tion inside the workstation was maintained at 1% throughout the
experiments (MC-8G-S, lijima Electrics, Japan).

2.3. siRNA treatment

Three PHD3 siRNA sequences were tested, and the most effec-
tive one was selected [11]. Cells were transfected with negative
control siRNA (#45-2001, Invitrogen) or PHD3 siRNA (EGLN3-
HSS174178, Invitrogen) using the Lipofectamine™ RNAIMAX
transfection reagent (Invitrogen). The cells were used 2 days after
transfection. The efficiency of gene silencing was assessed by Wes-
tern blotting.

2.4. Reagents and antibodies

The following antibodies were purchase and used: anti-B-actin,
anti-Flag M2 (Sigma); anti-HIF-1a, anti-PHD3 (Novus); anti-Myc
tag (Millipore); anti-PDH-E10,, anti-E18, anti-E2, and PDH immu-
nocapture kit (Mitoscience/Abcam). DFO was purchased from
Sigma. Phos-tag acrylamide was purchased from Wako.

2.5. Immunoprecipitation and Western blotting

Cells were harvested on ice and lysed in lysis buffer (50 mM
Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1 pg/ml PMSF, and 2 pg/ml leupeptin). Anti-Flag or anti-Myc
antibody (1 png) was added to the lysate, followed by the addition
of protein-G agarose (Invitrogen). Mitochondrial fractions were
prepared as described previously [16]. For PDC purification, PDH
capture beads (20 pl) were added to the lysate. After four washes
with lysis buffer, immunoprecipitates or total cell lysates were
subjected to SDS-PAGE (50 g of total lysate/lane) and then trans-
ferred onto nitrocellulose membranes (PALL, USA). In vitro interac-
tion experiment was performed as described previously [11].

2.6. qPCR

Total RNA was isolated from cultured cells using the RNeasy®
kit (Qiagen). First-strand cDNA synthesis was performed with
2 pg of total RNA using the PrimeScript™ II kit (Takara Bio, Japan).
The cDNA synthesized was used for PCR analysis using SsoFast™
EvaGreen® Supermix (BioRad, USA) with a Chromo4™ real-time
PCR detecting system (BioRad). The PDH-E1o primers were 5'-CT
TACCGCTACCATGGACACAGCATG-3' (F) and 5-CTCCTTTAATTCT

TCAACACTTGCAAGA-3' (R). The E1p primers were 5'-ATCATCTCGT
GACTGTGGAAGGAGGC-3' (F) and 5-TTTGCGTAAGGCATAGGGAC
ATCAGCA-3' (R). The E2 primers were 5-GAATCATCAAGAAGGAC
ATTGACTCTT-3’ (F) and 5-ATCGACAGAAAGGTAATAATGAGGTAT
A-3’ (R). The E3 primers were 5-AATGTTGGCTCACAAAGCAGAAG
ATGA-3' (F) and 5-CTTCACCATGCCATCTGTGTCAGCAT-3’ (R).

2.7. Measurement of pyruvate dehydrogenase (PDH) activity

PDH activity was measured using a PDH enzyme activity dip-
stick assay kit (Abcam, USA) according to the manufacturer’s
instruction. Briefly, the active PDH complex was captured with
anti-PDH antibody from the cell lysate, and its activity was mea-
sured in a colorimetric assay [17].

2.8. Measurement of oxygen consumption

PHD3** or PHD3 ~/~ MEFs (4.0 x 10%) were plated in custom-
ized 24-well plates (Seahorse Bioscience, USA) 12 h prior to the
measurement. The oxygen consumption rate (OCR) was measured
using an extracellular flux analyzer (Model XF24; Seahorse
Bioscience).

2.9. Cell death assay and ROS measurement

Cells were plated (1.5 x 10°) on a 60-mm dish and exposed to
hypoxia. Cells were stained with 0.5% Trypan blue and counted.
ROS production in cells was monitored using the DCFDA cellular
ROS detection assay kit (Abcam).

Each experiment was performed at least three times and repre-
sentative data are shown.

3. Results
3.1. Interaction of PHD3 and PDH-E1p

We first confirmed the interaction of PHD3 with PDH-E18 by
exogenously expressing the proteins in 293T cells. Immunoprecip-
itation of PHD3 co-precipitated PDH-E1B, indicating that these pro-
teins interact (Fig. 1A). Further, in vitro interaction was assessed
using bacterially purified GST-PHD3 and in vitro-translated PDH-
E1B. GST-PHD3 specifically interacted with PDH-E1p, whereas no
interaction was found with GST alone (Fig. 1B). Next, the interac-
tion between the endogenous proteins was tested in HeLa cell
lysate with PDH capture beads, which immunoprecipitate the
PDC. Interaction between endogenous PHD3 and PDH-E1B was
detected in cells exposed to hypoxia, when PHD3 was up-regulated
(Fig. 1C). Importantly, other components of the PDC (E1o and E2)
were also found in the immunoprecipitate, indicating that PHD3
interacts with the whole PDC. In addition, the amount of PDH-
Eloand E1B in the PDC was decreased in cells exposed to hypoxia.
Of note, PDH-E3 could not be detected because no suitable anti-
body was available. To identify the domain of PDH-E18 required
for the interaction with PHD3, we generated deletion mutants of
PDH-E1 by dividing the protein into two parts without disrupting
the domain structure of the protein. Results demonstrated that
PHD3 interacts with the N-terminal portion of PDH-E1 (Fig. 1D).
Next we compared the binding ability of the three HIF prolyl-
hydroxylases, PHD1, PHD2, and PHD3. PHD3 interacted most effi-
ciently with PDH-E1pB while PHD2 interacted very weakly with it
and PHD1 did not interact (Fig. 1E).

3.2. PHD3 regulates PDH activity by maintaining the PDC

Since physical interaction between PHD3 and the PDC was
detected, we assessed PDH activity. Clear inhibition of PDH activity



290 D. Kikuchi et al./Biochemical and Biophysical Research Communications 451 (2014) 288-294

A (kD)

IP:Flag

37E|< Myc-PDH-E1p L&

D oS
7] ——]=Mmyc-POHETp

B o

Q5

NN

37— —]=PDH-E1p

yoate |, [ =]
lysate |, -Flag-PHD3 501 . |<GST-PHD3
50 _
1.2 3 254" |=GST
Flag-PHD3 + - +
Myc-PDH-E1B - + +
Cc D
total
P:PDe lysate (I;Iji —_ -« Myc-E1p
N
kp)y_9 € < c < < 1P Flag |25 memamama—y = MYC-E1f-N
25-| ‘||- b|<PHD3 e
37 — | (S <P DH-E 13 15
== prios
gy | | —— P DH-E 10 o [ |~ Myc-E1p
75 R s - e - S
s <PDH_E2 total |25 == |[=Myc-E1p-N
lysate
1 ] =Hspo0 | e
e
(kD) Myc- 123 456
sr] =]~ PDHEmD Flag-PHD3 - - - + + +
Flag-PHD1 Myc-E1B full + - - + - -
IP:Flag|s0]| *wew ==em 330500, WoERN - + - -+ -
- -C - - + - - +
e @ |-«F|ag-PHD3 1 359 interaction
257 Myc- E1p full {f T ]
O e e W 1N +
Flag-PHD1 - -
otal |50] T — A D2
lysate
951 @= == <Flag-PHD3
S0 |- 3-actin
123456 7
Myc-PDH-E1B + - - - + + +
Flag-PHD1 - + - - + - -
Flag-PHD2 - - + - - + -
Flag-PHD3 - - - + - -

Fig. 1. Interaction of PHD3 and PDH-E1. (A) Interaction of PHD3 and PDH-E1p in 293T cells. Myc-tagged PDH-E1p and Flag-tagged PHD3 expression vectors were co-
transfected into 293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody and subjected to Western blotting. Myc, Flag, and p-actin blots are shown. (B) In
vitro interaction of PHD3 and PDH-E1B. In vitro-translated Myc-PDH-E1B was incubated with bacterially purified GST or GST-PHD3 fusion protein attached to glutathione
beads in PBS. After incubation, the beads were extensively washed and subjected to SDS-PAGE. The association of PDH-E1B with PHD3 was detected by Western blotting. The
input of GST proteins is shown as a Ponceau-S-stained membrane. (C) Interaction of endogenous PHD3 and PDH-E1. A co-immunoprecipitation experiment was performed
to assess the interaction between the endogenous proteins. HeLa cells were exposed to hypoxia for 6 h and lysed. PDH capture beads or control normal mouse IgG was added
to the total lysate (10 mg) and immunoprecipitates were subjected to Western blotting. The blot was detected with anti-PHD3, PDH-E1B, E1a, E2 and Hsp90 antibodies. con:
control IgG in hypoxic-treated lysate; norm: normoxia; hypo: hypoxia. (D) Interaction of PHD3 with the N-terminal region of PDH-E1pB. Myc-PDH-E18 expression vectors and
deletion mutants were co-transfected with Flag-PHD3 into 293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody and subjected to SDS-PAGE. Myc, Flag,
and B-actin blots are shown (*: IgG light chain). A schematic diagram of the PDH-E1p deletion mutants and of the interaction profile with PHD3 is shown at the bottom. (E)
Interaction of PDH-E1p and PHD1, 2 and 3. A co-immunoprecipitation experiment was performed to assess the association between PDH-E1p and PHDs. Myc-tagged PDH-E1B
and Flag-tagged PHD1, PHD2, or PHD3 expression vectors were co-transfected into 293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody and subjected to

Western blotting. Myc, Flag, and B-actin blots are shown.

was detected in cells exposed to hypoxia (Fig. 2A), which is consis-
tent with previous reports [13]. PHD3 siRNA inhibited PDH activity
in normoxia, and more remarkably and significantly in hypoxia,
compared to control (Fig. 2A). Thus, we tried to characterize the
mechanism underlying the decreased PDH activity caused by
PHD3 knockdown by assessing the phosphorylation of the PDH-

Ela subunit, the expression level of PDH subunits in mitochondria,
and PDC formation. First, Elot phosphorylation was detected by
electrophoresis within acrylamide gel containing phos-tag, which
binds to a phosphate group of the phosphorylated protein and
induces a clear mobility shift. Hypoxia clearly induced the phos-
phorylation of Ela in MCF7 and Hela cells, which is consistent
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Fig. 2. PHD3-depleted cells have low levels of functional PDC and PDH activity. (A) Depletion of PHD3 by siRNA decreases PDH activity. MCF7 cells were transfected with
control or PHD3 siRNA and cultured under normoxic or hypoxic conditions for 24 h. Cells were harvested and PDH activity was measured. The efficiency of the PHD3
knockdown was confirmed by Western blotting. The statistical significance of the difference was analyzed by t test (**P < 0.02; N.S.: not significant). (B) The phosphorylation
status of PDH-E1a is not affected by PHD3 siRNA. MCF7 cells or HeLa cells were transfected with control or PHD3 siRNA and cultured under normoxic or hypoxic conditions
for 6 h. Total cell lysate (50 pig) was subjected to phos-tag SDS-PAGE and the expression of Ela, E1p, and p-actin was detected by Western blotting. The expression of PHD3
and HIF-1a was confirmed on a regular SDS-PAGE gel followed by Western blotting. N: normoxia; H: hypoxia; *: non-specific band. (C) Mitochondrial localization of PHD3.
MCF7 cells or HeLa cells were cultured under normoxic or hypoxic conditions for 6 h. Mitochondrial fractions were purified and subjected to Western blotting for PHD3,
PHD2, PDH-E1B (mitochondrial protein), and Hsp90 (cytoplasmic protein). mito: mitochondrial fraction (50 pg/lane); cyto: cytoplasmic fraction (25 pg/lane). (D) The
expression of PDH complex components in mitochondria is not affected by PHD3 depletion. HeLa cells were transfected with control or PHD3 siRNA and cultured under
normoxic or hypoxic conditions for 6 h. Mitochondrial fractions were purified and subjected to Western blotting (50 pg/lane) with anti-E1, E1a, E2, and PHD3 antibodies. (E)
PHD3 depletion decreases the amount of PDC. HeLa cells were transfected with control or PHD3 siRNA and cultured under normoxic or hypoxic conditions for 6 h. Cell lysate
was prepared and PDH capture beads were added (4.5 mg). The immunoprecipitates were subjected to Western blotting. The blot was detected with anti-E18, E1a, E2, and
PHD3 antibodies.

with previous results [13]. Yet, a comparable level of phosphoryla-
tion was observed in cells transfected with control and PHD3 siR-
NA, indicating that Eloa phosphorylation is not the cause of the
reduced PDH activity (Fig. 2B). PDC mainly localizes and functions
in the mitochondria. PHD3 was reported to localize in the nucleus
and cytoplasm [18], but it remains unknown if it localizes in the
mitochondria. Western blotting of mitochondrial fractions derived
from MCF7 and Hela cells demonstrated the existence of PHD3 in

mitochondria (Fig. 2C). PHD2 was also found in the mitochondria
as reported [19]. Thus, we examined the amount of each PDH sub-
unit in mitochondria, to assess potential changes upon PHD3
knockdown. The amount of PDH-E1B, E1a, and E2 were unaffected
by PHD3 knockdown in both normoxic and hypoxic conditions
(Fig. 2D). Thirdly, the PDC was quantified by immunopurification.
Western blotting confirmed that hypoxia reduced PDH-E1f and
Ela in the PDC, and that both were further reduced in cells treated
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with PHD3 siRNA (Fig. 2E). Since the PDC capture beads capture
PDH-E2, no change was detected in the amount of PDH-E2 in the
complex.

3.3. PHD3/~ MEFs have decreased PDH activity and are resistant to
cell death during prolonged hypoxia

We next used PHD3"/* and PHD3~/~ MEFs to further characterize
the role of PHD3 in regulating PDH activity. Immunopurification of
PDC revealed that PHD3 /= cells have significantly less PDC than

PHD3'* cells, whereas the levels of PDH subunits expressed in
the cells are comparable (Fig. 3A). Accordingly, PHD3~/~ cells have
less PDH activity in normoxia, and the difference was more obvious
in hypoxia (Fig. 3B). The expression levels of PDH-E1a, E1, E2, and
E3 were comparable between PHD3"* and PHD3~/~ MEFs at the
mRNA level (Fig. 3C). Altogether, these results indicate that
PHD3!~ cells have less functional PDC, thus less enzymatic activ-
ity. In accordance with this, PHD3~/~ cells consume less oxygen
than PHD3"* cells (Fig. 3D), since low PDH activity would limit
mitochondrial respiration. To identify any phenotypic change in
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Fig. 3. PHD3 /- MEFs exhibit decreased PDH activity and are resistant to cell death during prolonged hypoxia. (A) PHD3~/~ MEFs have reduced levels of functional PDC.
PHD3*/* and PHD3~/~ MEFs were cultured under normoxic or hypoxic conditions for 6 h. Cell lysate was prepared and PDH capture beads were added (3.5 mg). The
immunoprecipitates were subjected to Western blotting and detected with anti-PHD3, PDH-E1p, E1a, E2 and Hsp90 antibodies. (B) Reduced PDH activity in PHD3~/~ MEFs.

PHD3*'* and PHD3/

MEFs were cultured under normoxic or hypoxic conditions for 24 h. The cells were harvested and PDH activity was measured. (C) Comparable

expression of PDH subunits in PHD3*/* and PHD3~/~ MEFs. The mRNA expression level of PDH-E1o, E1p, E2, and E3 (normalized against B-actin) were compared by qPCR in
PHD3*"* and PHD3~/~ MEFs. (D) Low oxygen consumption rate in PHD3~/~ MEFs. PHD3*"* and PHD3~/~ MEFs were plated in 24-well plates 12 h prior to the measurement. The
oxygen consumption rate (OCR) was measured using an extracellular flux analyzer. (E, F) PHD3~/~ MEFs produce less ROS and are more resistant to cell death during
prolonged hypoxia than control cells. PHD3*/* and PHD3~/~ MEFs cultured in low-glucose medium (1.0 g/L) were exposed to hypoxia. The population of cells undergoing cell
death was measured by Trypan blue exclusion (E). ROS were measured after 24 h in normoxia or hypoxia using the ROS detection kit (F). The error bars indicate SEMs. The
statistical significance of the difference was analyzed by ¢ test (*P < 0.05; **P < 0.02; N.S.: not significant).
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PHD3~/~ cells, cells were cultured in low-glucose medium and
exposed to hypoxia for 48 h. As a result, around 90% cell death
was observed in PHD3** cells at 48 h, while only about 60% cell
death was measured in PHD3~/~ cells (Fig. 3E). Further, ROS pro-
duction was found to be higher in PHD3** cells compared to
PHD3~/~ cells during prolonged hypoxia (Fig. 3F). This is possibly
due to the higher activity of PDH in PHD3*'* cells, which leads to
more respiration and ROS production in mitochondria in hypoxia,
thus causing greater cell death.

3.4. The prolyl-hydroxylase activity of PHD3 is not necessary for PDC
formation

Finally, we examined whether PHD3 prolyl-hydroxylase activity
is required for PDC formation. Since PHD3 enzymatic activity
requires Fe?* as a co-factor, we used the iron-chelating reagent
deferoxamine (DFO) to inhibit PHD3 activity. Treatment with
DFO for 16 h, which is sufficient to inhibit PHD activity, did not
alter PDC formation (Fig. 4A) or inhibit PDH activity (Fig. 4B). These
results indicate that PHD3 enzymatic activity is not necessary for
PDC formation or PDH activity. To further support this, the effect
of DFO on the PDH-E1p and PHD3 interaction was examined by

co-immunoprecipitation in 293T cells. PHD3 was found to associ-
ate equally with PDH-E1pB in the presence or absence of DFO
(Fig. 4C). Moreover, the catalytically inactive PHD3 mutants
H196R and R205K associated with PDH-E1p similarly (Fig. 4D).
Taken together, these results suggest that PHD3 activity or hydrox-
ylation of PDH subunits is not necessary for PDH activity.

4. Discussion

The present study shows that functional PDC decreases in
hypoxia, and decreases further in PHD3~/~ cells or when PHD3 is
depleted by siRNA (Figs. 1C, 2E, and 3A). This indicates that
PHD3 has a positive role in the maintenance of the PDC. Decrease
in the amount of PDH-E1a/E1B in PDC might constitute another
layer of PDH regulation in hypoxia, in addition to phosphorylation,
to ensure the inhibition of PDH activity. By contrast, it would be
beneficial for cells to maintain PDH activity for efficient ATP pro-
duction, if a certain amount of oxygen remains available for oxida-
tive phosphorylation, as in moderate hypoxia. Several reports
demonstrated that PHD3 forms a complex by interacting with mul-
tiple proteins, and possibly serves as a molecular scaffold
[10,20,21]. Thus, PHD3 may function as a scaffold in hypoxia to
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significant). (C) The interaction of PDH-E1p with PHD3 is not affected by DFO. A co-immunoprecipitation experiment was performed in 293T cells co-transfected with Myc-
PDH-E1 and Flag-PHD3 exposed to DFO (10 uM). Cell lysates were immunoprecipitated with anti-Flag antibody and subjected to Western blotting. Myc, Flag, and B-actin
blots are shown. (D) Enzymatically inactive PHD3 mutants interact with PDH-E1p in a manner similar to that of wild-type PHD3. A co-immunoprecipitation experiment was
performed in 293T cells co-transfected with Myc-PDH-E1B and wild-type PHD3 (no tag) or the enzymatically inactive mutants H196R or R205K. The expression of PHD3,

PDH-E1B and B-actin was detected.
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fine-tune PDH activity. Importantly, decreased PDH activity was
also found in PHD3-depleted cells and in PHD3~/~ cells in nor-
moxia. This suggests that PHD3 maintains steady-state levels of
the PDC. The mechanism by which PHD3 is involved in PDC assem-
bly or turnover will be identified in future studies.

Less cell death is observed in the brain of PHD3~/~ mice and in
neuronal cells derived from PHD3~/~ animals than in controls
[15,22]. The c-jun/PHD3/KIF1Bbeta pathway plays a critical role
in such neuronal cell death [15]. Our study also demonstrated that
PHD3~/'~ cells produce less ROS and are more resistant to cell death
during prolonged hypoxia than PHD3*/* cells (Fig. 3E and F). PHD3
may positively regulate PDH activity to maintain ATP levels in the
early phase of hypoxia, but may end up having negative effects on
the cell if hypoxia is sustained. Although it is not clear whether
there is any interplay between the PDH regulation and the c-jun/
PHD3/KIF1Bbeta pathway, PHD3 might potentially function to
induce cell death in cells.

Decreased PDH activity leads to the neuronal disorder Leigh
syndrome [23]. PHD3~/~ cells also have decreased functional PDC
and PDH activity. Typical symptoms of Leigh syndrome are hypo/
hypertonia or peripheral neuropathy [23], which are also observed
in PHD3~/~ mice [22]. Thus, further analysis of PHD3~/~ mice
would clarify the pathophysiological importance of the present
study.
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